ABSTRACT Spatial patterns of 5 components of the macrobenthos [corals, macroalgae, mollusks, sponges, and echinoderms) at 42 stations on 4 reef types were compared in Moorea Fifteen a b~o t~c and biotic factors were measured and included in Canonical Correspondence Analyses. Macrobenthic communities were dominated by corals and macroalgae. Two major gradients (along the bays, and from the fringing reef to the outer reef slope) were found for corals, macroalgae, and echinoderms. The gradients were realized at a small spatial scale in Moorea [less than 2 km from the fringing reef to the outer reef slope at 35 m depth), while the same type of variation occurs at a large spat~al scale (more than 100 km) on the Great Barrier Reef. Abiotic and biotic factors explained a large amount of the variance in sponge and coral communities, but less for mollusks and markedly less for macroalgae and echinoderms. Some of the factors identified in this study, such as depth, sand coverage, and algal coverage, have been also reported as controlling factors in other coral reefs. In contrast, the high abundance of sea urchins and its impact seem to be characteristic of coral reefs around Moorea.
INTRODUCTION
Ecologists have abandoned the notion that community organization is governed by a single monolithic process (Dunson & Travis 1991) . Research in community ecology has recognized the relative contribution of both biotic and abiotic factors on species distribution and spatial heterogeneity (Quinn & Dunham 1983 , Karlson & Hurd 1993 . The role of disturbances (i.e. major historical events) in community structure has been also emphasized (Connell 1978 , Sousa 1984 , Hughes 1989 . Most recent ecological theory suggests a close coupling between dispersal and recruitment on the one hand and niche space on the other (Ricklefs & Schluter 1993) .
In coral reefs, a s in temperate marine ecosystems, living organisms a r e distributed neither uniformly nor at random, but form gradients or other kinds of spatial 'Present address: Tropical Biosphere Research Center, University of the Ryukyus, Sesoko Station. 3422 Sesoko Mobotu. Olunawa, 905-02, Japan. E-mail: ad]eroud@ryukyu,ne.jp structures. The zonation of coral reef communities is generally strong and some controlling factors have been identified (Sheppard 1982 , Done 1983 , van Woesik 1994 . Among the abiotic factors, exposure and depth (Bradbury & Young 1981 , Huston 1985 , turbidity and sedimentation (Loya 1976 , Rogers 1990 , and water quality (Pastorok & Bilyard 1985 , Tomascik & Sander 1987 were found to be the major parameters controlling coral species distribution. The biotic factors are mainly spatial competition between corals and algae (Morrissey 1980) or among corals (Lang & Chornesky 1990) , and the predation of algal communities by sea urchins or other herbivores (Bak & van Eysinfluence the distribution of macrobenthic species and to quantify their contributions. Therefore, the relative contribution of abiotic and biotic factors were examined, with environmental factors representing major variables hypothesized to control species distribution. Biotopes frequently omitted in coral reef surveys were studied (e.g. the deep outer reef slope and bays) and more environmental factors were included.
Investigations on the spatial patterns of macrobenthic communities and the factors controlling them in the French Polynesian islands are timely for a number of reasons. First, previous studies in French Polynesia used different sampling strategies so that comparison is now difficult, and no environmental variables were measured. Second, the location of French Polynesian reefs in the Central Pacific is associated with biogeographic isolation, and low diversity compared to the Austro-Malayan maximum diversity area (Rosen 1984) . In addition, the relatively narrow coral reef belt surrounding the islands compresses the spatial organization along environmental gradients. Therefore, a 
MATERIALS AND METHODS
Study area and sampling strategy. Moorea (17" 30' S, 149"50rW), one of the Society Islands, comprises 134 km2 of land, 49 km2 of reefs and lagoon, and is 61 km in circumference (Fig. 1) . Approximately 10000 people live on Moorea. The tides are semi-diurnal with an amplitude rarely exceeding 40 cm. Annual average rainfall is 325 cm. Concerning major disturbances, Acanthaster planci outbreaks occurred in (Faure 1989 . Since that time, no outbreaks have been observed because of the collecting campaign organised by French Polynesian authorities. During a survey made in July 1993 at Tiahura and Afareaitu (20 h of swimming, approx. 3.5 km2 sur- Fig. 1 Map of Moorea, French Polynesia, showing the 4 study sites and the locat~on of the 42 survey stations. Station depth is indicated. Stations are located on the fringing reef of the bays, where we distinguished the reef flat, the reef crest, and the reef wall, and on the fringing reef of the lagoon, on the barrier reef, and on the outer reef slope. Four radials (a1 to a4 and bl to b4; a radial is an artificial line perpendicular to the shore) were established along the bays. At Afareaitu, 2 additional stations were located on a patch reef located in the channel 1907, 1982. 1983, and 1991 . A bleaching event (defined as the loss of zooxanthellae, loss of pigments from zooxanthellae or a combination of both of these factors) was recorded in 1991 (Salvat 1992 , Gleason 1993 , and in March 1994 (6 mo after the survey of macrobenthic communities; this bleaching event was quantitatively analysed and results will be published in a separate paper). Two major bays are located along the north coast, Opunohu Bay and Cook Bay. The island is surrounded by a narrow coral belt to a maximum of 2 km from the land. The coral reef ecosystem is divided into 3 major reef types (or habitats): fringing reef; barrier reef (separated by a narrow sandy channel); and the outer reef slope (separated from the barrier reef by the reef front). In bays, the frlnging reef is divided into 3 habitats: the reef flat, the reef crest, and the reef wall (Cadoret et al. 1995 , Adjeroud & Salvat 1996 . We distinguish the fringing reef of the bays from the fringing reef of the lagoon.
Forty-two survey stations were established at 4 sites around the island ( Fig. 1 ): Opunohu Bay (12 stations), Cook Bay (12 stations), Tiahura (8 stations), and Afareaitu (10 stations). Four radials were established along the bays, from the bayhead (land-end) to the bay entrance (ocean-end) (Fig. 1) . A radial was defined as an artificial line perpendicular to the shore. On each radial, there were 3 stations (1 in each habitat of the fringing reef). In Tiahura and Afareaitu, 2 stations were situated on the fringing reef, 2 on the barrier reef, and 4 on the outer reef slope (at 5, 15, 25, and 35 m depth), and we added 2 stations on a patch reef located in the channel at Afareaitu (Fig. 1) . Each station consisted of 3 rectangular quadrats of 10 m2 (10 X 1 m), parallel to each other and to the coastline. Five taxa were examined: (1) anthozoans including hard and soft corals and Millepora, herein classified as corals, (2) macroalgae, (3) mollusks, (4) sponges, and (5) echinoderms. In the quadrats, all individuals or colonies of more than 1 cm in length, and visible without removing rocks, were identified at the species level and counted (except for macroalgae). At each station, 3 llnear transects of 10 m were used to estimate substrate coverage (Line Intercept Transect Method: Loya 1978) . Species diversity index (Shannon and Weaver index using log,) was calculated using abundance of coral colonies (H;) and algal coverage (H;).
Environmental Relative estimates on predation on coral populations was measured using the abundance and diversity of fishes of the family Chaetodontidae because most are corallivores (Cadoret et al. 1995) .
Data analysis. Non-parametric tests (Kruskal-Wallis or Mann-Whitney) and ANOVA were performed to examine whether there were differences on species richness, abundance, coverage, exposure, conductivity, turbidity, and nutrients between stations and dates. Canonical Correspondence Analysis (CCA) was used to analyse the spatial distribution of macrobenthic species and compare these patterns with abiotic and biotic variables (ter Braak 1986 (ter Braak , 1987 . This method constrains the axes in classical Correspondence Analysis (CA ; Hill 1974 ) to a linear function of measured variables associated with species records. Comparing the inertia associated with CCA with the inertia of CA indicates the extent to which the measured abiotic and biotic variables explain the variation in species composition. Analyses were undertaken on the 26 stations where environmental data were measured. CCA classified the different factors, beginning with the one that extracted the greatest amount of the variance in the species data matrix. Significant factors entering final analysis were selected by a permutation test, a stepwise procedure analogous to backward elimination in multiple regression analysis (Draper & Smith 1981) . The robustness of the final analysis was determined using the Monte Carlo permutation test (ter Braak 1986) . In the ordination diagram, significant environmental factors can be represented by arrows along with species or station scores. In this study, factors representing predation on coral populations, on algal population~, and spatial competition among benthic organisms were included.
RESULTS

Macrobenthic communities
Species richness (SR), abundance, coverage, and species diversity index (SDI) were highly variable between stations (Table 1 ; Kruskal-Wallis, p < 0.001). Table 1 . Species richness (total per station a n d m e a n per quadrat), a b u n d a n c e ( m e a n per quadrat), percent cover, a n d species diversity measured a t the 42 stations a t 4 sites around Moorea. 
Species diversity index Corals
(F/',) For corals, 2 major gradients were evident. Along the bays, SR and abundance increased from the bavhead to the bay entrance. SR was low on the reef flat halfway inside the bays, and no corals occurred at the head of Opunohu Bay. SDI was higher at the bay's entrance, while it was reduced at the bayheads and on the reef flat, halfway into the bays. At Tiahura and Afareaitu, SR and abundance increased from the fringing reef to the outer reef slope, with a maximum at 15 and 25 m depth. SR and coral abundance were low on the fringing reef, except at one Afareaitu station, and were intermediate on the barrier reef. SDI was relatively low on the fringing reef and high on the barrier reef and at 25 m depth on the outer reef slope. In the bays, coral coverage increased from the bayhead to the bay entrance. The reef wall had a greater coral coverage than the reef flat or the reef crest. At Tiahura and Afareaitu, coral coverage increased from the fringing reef to the outer reef slope, with a maximum at 5 and 25 m depth.
SR for macroalgae was low compared to corals (1 to 16; Table 1 ). Despite the fact that SDI was calculated with algal coverage data, values were low (0 to 2.7). In the bays, SR was highest in the outer half except on the reef wall in Opunohu Bay. SDI was highest on the outer half's reef flat. At Tiahura and Afareaitu, SR was high on the fringing reef and the barrier reef, and SDI was high on the fringing reef. Except at 5 m depth at Tiahura, SR and SDI were low on the outer reef slope, particularly at the deeper stations (25 and 35 m). Algal coverage showed no regular trend along the bays. At Tiahura and Afareaitu, algal coverage was high on the fringing reef and low on the outer reef slope, especially at 25 and 35 m depth (< 1 %).
Large and conspicuous mollusks were found at 32 of the 4 2 survey stations. SR and abundance were partlcu-
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+ Ddnicr reef A Ourer rccf hlopc Fig. 2 . Plots of the Canonical Correspondence Analyses performed on the 5 taxa studied. The measured variables associated with species records (presence-absence or abundance) were codifications of the reef types (fringing reef of the bays, fringing reef of the lagoon, barrier reef, and outer reef slope). Permutation tests associated with CCA and equiprobability ellipses drawn on the plots allowed definition of different communities. When 2 ellipses (representing 95".: of the stations of one reef type) did not overlap, the species composition was considered to be distinct. Conversely, 2 overlapping ellipses indicated that the species composition of the 2 reef types were similar to each other The inertia of each of the first 2 axes is given I l l larly low (0 to 7 total SR, 0 to 13, respectively; Table 1 ). In bays, no general trend was observed. At Tiahura and Afareaitu, SR and abundance were higher on the barrier reef, while the fringing reef was almost devoid of mollusks. The abundance of large and conspicuous sponges was highly variable, and SR was markedly low (0 to 5; Table 1 ). As with mollusks, no general trend for SR and abundance was observed along the bays. At Tiahura, high values of SR and abundance occurred on the barrier reef and the outer reef slope at 5 and 15 m depth, while at Afareaitu both values were low on the barrier reef.
SR for echinoderms was low (maximum total SR: 5; Table 1 ). Nine stations were devoid of echinoderms. In the bays, SR values were particularly low at the bayhead and halfway inside, while they were higher at the bay entrance. Abundance was highest in the outer half of the bays. At Tiahura and Afareaitu, SR and abundance were higher on the fringing and barrier reefs than on the outer reef slope.
The species compositions of corals, mollusks, and sponges of the outer reef slope were markedly distinct while those of the other reef types were not (Fig. 2) . In contrast, the species compositions of macroalgae of the different reef types tended to be clearly distinct except that some abundant species were shared by the barrier reef and the outer reef slope. For echinoderms, the species composition of the fringing reef of the lagoon was distinct from those of the barrier reef and the outer reef slope and, to a lesser degree, from that of the fringing reef of the bays.
Environmental survey
Exposure, conductivity, turbidity, and nutrient measurements were variable among stations and dates (ANOVA, Kruskall-Walhs, p < 0.001; Table 2 are those located on the fringing reef at Tiahura, on the barrier reef at Afareaitu, and on the outer reef slope at 5 and 15 m depth. The bays, and particularly the bayheads, were characterized by low values of conductivity, carbonates, and hydrolysable C, and high values of turbidity, nutrients, organic C, nitrogen, C/N, carbohydrates, and amino acids. The highest values of turbidity and nutrients and the lowest values of conductivity were obtained after heavy rainfall.
Environmental factors and macrobenthic species
The results of the Canonical Correspondence Analyses performed on the 5 taxa are presented in Table 3 . Four factors were found to be significantly correlated 
MOLLUSKS
to the distribution of corals, macroalgae, mollusks, and echinoderms, while for sponges, 7 significant factors were found. These factors were correlated with ordination axes at different degrees. Between 24.6% (macroalgae) and 65 % (sponges) of the variation in the data matrix was explained by the environmental factors examined in this study. Ordination plots showing species distributions in relabon to environmental factors selected b y CCA are presented in Fig. 3 (species codes are given in Appendix 1). Each arrow represents a n environmental factor The length of an arrow indicates the importance of the factor, and its direction is directly proportional to the correlation coefficient in Table 3 . The projection of a species on this axis shows its 'preference' for high or low values of this environmental gradient (ter Braak 1986). For macroalgae, species such as Valonia sp., Plectonema sp., and Dictyota sp. were preferentially found on the outer reef slope, between 15 and 25 m depth, whereas species such as Halimeda taenicola, Avrainvillea lacerata, and Amansia glomerata were associated with distance from the coastline. Spyridia filamentosa, Gelidiella acerosa, Sargassum mangarevense, and Avrainvillea nigrescens were associated with areas of high abundance of echinoids and high turbidity such as the fringing reef of the lagoon.
For mollusks, species such as Trochus niloticus, Thais armigera, and Pinna muncata were associated with areas of high algal coverage; Astraea rhodostoma and Drupa rubuscidaeus 'preferred' the outer reef slope between 15 and 25 m depth; Arca ventricosa, Chama imbricata, Tridacna maxima and Spondylus rubicundus were associated with areas of high turbidity and high coverage of encrusting coralline algae such as the barrier reef.
The sponges Aplysilla sp.1 and A. sp.2 and Leucetta microraphis were found exclusively on the outer reef slope between 15 and 35 m, whereas Chondrosia sp., Sarcotragus sp. and Dysidea sp.3 were more abundant on the outer reef slope at 5 m depth. Species such as Haliclona sp., Halichondria sp.. and Dysidea sp.2 were associated with areas of high carbohydrates concentration and high abundance of echinoids.
The echinoderms Holothuria atra, Tripneustes gratilla, Diadema setosum, and Linckia multifora were preferentially found in areas of high concentration of carbonates, such as the barrier reef. Thelenota ananas was associated with high exposure area. Echinometra mathaei and Culcita novaeguineae were more abundant in areas of high concentration of organic carbon and high conductivity.
DISCUSSION
Spatial patterns of macrobenthic communities
The macrobenthic communities around Moorea are dominated, in terms of species richness and coverage, by corals (79 species] and macroalgae (42 species). Large and conspicuous mollusks (25 species), sponges (17 species), and echinoderms (12 species) are 'secondary' taxa with low diversity and generally low abundance. The low diversity registered for mollusks can be partially explained by the sampling strategy. Only macrobenthic species visible without removing rocks were taken into account. Therefore, for mollusks, and also for algae, a great number of species were omitted, including micromollusks, encrusting coralline algae, and microalgae. For sponges, the efficiency of our sampling is difficult to estimate because the present study is the first one concerning this taxon in the Central Pacific. The low diversity of mollusks, and to a lesser degree of sponges and echinoderms, is also related to the importance of rare species. For mollusks, 64% of the species identified in this study were observed at only 1 or 2 stations (47 % for sponges, 4 1 % for echinoderms, 38% for macroalgae, and 22% for corals). These results have important consequences not only for the sampling strategy in future studies, but also on the spatio-temporal variation of the communities, since rare species have the highest ecological turnover (extinction/immigration) and the highest evolutionary turnover (extinction/speciation) (McKinney et al. 1996) .
The low diversity recorded in Moorea is related to the low diversity of French Polynesia in general since local diversity is strongly and linearly correlated to the regional diversity (Caley & Schluter 1997) . With a total of 1159 species of mollusks, 346 species of algae, 168 species of corals, and 30 species of echinoderms listed, French Polynesia is a low diversity area of the Pacific Province (Richard 1985) . This low diversity can be a consequence of 2 main reasons. Firstly, French Polynesian is far from the 'colonization source', which is located in the maximum diversity area delimited by the Ryukyu Islands, Indonesia, and New Guinea (Rosen 1984) . This distance is not favourable for efficient dissemination of larvae and species (Scheltema 1986 ). Salvat (1967) observed that most of the mollusks observed in French Polynesia are also found in the Western Pacific, and have larvae that are adapted for long-distance dispersal. In fact, the rate of immigration decreases monotonically with the distance of the island from the source of colonizers, and consequently the diversity is lower. The second reason is the small size of the coral reef ecosystems in French Polynesia. With high volcanic islands of less than 1042 km2 and atolls of less than 1800 km2, an equilibrium between immigration rate and extinction rate is attained at a rather low number of species in a small ecosystem, and therefore, diversity is reduced (MacArthur & Wilson 1967) . Immigration rate is generally higher on a large island than on a small island, since the larger island represents a larger target for the potential colonizers. In addition, small areas encompass few different habitat types, which is not favourable for a high diversity.
One of the principal features of the spatial patterns of the 5 macrobenthic taxa studied is that 2 major gradients were found for some while not for others. Zonation along bays has been recently described in French Polynesia (Adjeroud & Salvat 1996) . Although this gradient has been observed elsewhere (Acevedo & Morelock 1988, Lara et al. 1992) , the decrease of diversity towards the bayheads is not a common feature in coral reefs. In the Soloinon Islands, the Ryukyu Islands, Micronesia or the Philippines, for example, a high diversity of corals, with many branching and foliaceous growth forms, can be found in the vicinity of the bayheads (Morton 1974 , Horikoshi 1988 , Licuanan & Gomez 1988 . The macrobenthic communities which integrate short-term variations of the environment can be used as a measure of the degree of restriction along a bay (Adjeroud & Salvat 1996). As we will see later, the gradient along the bays is closely connected with environmental conditions.
The second gradient concerns the coral reef belt (i.e. the lagoon, including the fringing reef and the barrier reef, and the outer reef slope). Coral diversity and abundance increased from the fringing reef to the outer reef slope, with a maximum between 15 and 25 m depth as found elsewhere (Maragos 1974 , Sheppard 1980 , Huston 1985 . This increase was mainly an addition of species on the outer reef slope, not a substitution, because almost all the species found in the lagoon were also found on the outer reef slope. For macroalgae, mollusks, and echinoderms, the diversity a n d abundance were highest in the lagoonal zone and decreased with depth on the outer reef slope. For sponges, no general trend was observed. Such a zonation, representing a land-ocean gradient, has also been observed on the Great Barrier Reef (GBR) (Wilkinson & Cheshire 1988) for corals (Done 1982) , soft corals (Dinesen 1983), sponges (Wilkinson & Cheshire 1989) , and fish (Williams & Hatcher 1983). The major difference between our results and those obtained on the GBR is that the gradient is realized at a large spatial scale (more than 100 km) on the GBR, while it occurs at a small spatial scale in French Polynesia (less than 2 km from the fringing reef to the outer reef slope a t 35 m depth).
Factors correlated to the distribution of macrobenthic species
The degree to which species distribution patterns are correlated to environmental factors varies. For sponges and corals, a high amount of the variation in the species data matrix is explained by the factors selected by the CCA (65 and 49.2 % respectively). For macroalgae and echinoderms, less than 30% of the variation is explained, while for mollusks, the contribution was intermediate (39.2%). Part of the 'not explained' variation is likely due to environmental factors not measured in this study. Inter-and intraspecific competition were not investigated in this study but may also influence species distribution patterns (Lang & Chornesky 1990) . The fact that some environmental factors were not selected by the CCA does not necessarily mean that they are irrelevant to the species distribution. In fact, biotic and abiotic factors can co-vary in a manner such that it is difficult to decipher their relative contributions (Dunson & Travis 1991). Environmental factors can also have indirect or synergistic effects that are not revealed by the CCA. A correlation revealed by the statistical analyses does not however indicates a direct causal relationship that is explained by physiological tolerance of the species to the measured variable. However, some insight to the species 'preferences' are obtained.
Depth and sand coverage greatly influenced the coral species composition. Only well-adapted species, mostly free-living ones, can grow and live on a sandy bottom that is physically unstable (Goreau & Yonge 1968) . In addition, the larvae of the majority of coral species require hard substrate upon which to settle (Carlton & Sammarco 1987) , and resuspension of sand generally alters light penetration and reduces the growth and calcification of coral colonies (Dodge et al. 1974) . Resuspension of sand is also responsible for smothering and abrading colonies (Rogers 1990) . Decreasing light intensity with depth is accompanied by a decrease in the growth rate of coral colonies a n d by a change in species composition in favour of photoadapted species (Porter et al. 1984) . In Moorea, the species Pachyseris speciosa, Leptoseris explanata a n d L. mycetoseroides, Sandalolitha dentata, Herpolitha limax and most species of Fungia were well adapted to depth and a sandy bottom. Macroalgal coverage affects coral species distribution in 2 ways. Firstly, macroalgae and corals are in intense competition for space, generally favourable to algae because of their high propagation and growth rate which allows them to colonize a bare subsfrate rapidly (Morrissey 1980) . Secondly, a high algal coverage will greatly reduce coral recruitment (Sammarco 1980) . In Moorea, species such as Montipora aequituberculata, Pontes lobata and P. australiensis, Psammocora profundacella, and Palythoa sp. are likely to be the most resistant ones to high algal coverage. In the case of carbohydrates, no direct causal relationships can be proposed. In fact, carbohydrates in sediments are correlated to nutrients in the water colunln. Therefore, it is highly probable that nutrients are responsible for the proliferation of algal turf and heterotrophlc organisms, which in turn reduce coral development and diversity by spatial competition, as was observed in the bayheads.
Species composition of macroalgae was mostly affected by turbidity, depth, and abundance of echinoids. Like depth, high turbidity is responsible for a decrease In light intensity, which in turn reduces the growth and development of algal species and modifies the species composition (van den Hoek et al. 1978 , Morrissey 1980 , Berner 1990 . In addition, selective grazing by sea urchins, one of the major herbivores on coral reefs (Steneck 1988) , is responsible for changes in the species composition and growth of algal communities (Sammarco 1982 , Steneck 1988 . Therefore, only a few species (in Moorea, Spyridia filamentosa, Gelidiella acerosa, Sargassum mangarevense, and Avrainvillea nigrescens) are able to grow and live in areas of high turbidity and where algal grazing is important. In contrast with the Great Barrier Reef, where impacts of echinoderm grazing are negligible, high abundance of sea urchins in Moorea exert a major impact on benthic communities and are the cause of intensive bioerosion of dead standing coral skeletons (Done et al. 1991) .
The variation in the species composition of mollusks at Moorea was associated with macroalgal and encrusting coralline algae coverage. Therefore, it is not surprising that approximately half of the mollusks recorded in this study were herbivores. Variation in algal coverage is likely to be responsible for the variation in the species composition of mollusks by favouring herbivores such as Trochus niloticus and Thais armigera (Borowitzka 1972) . In contrast, filter feeders such as Arca ventricosa, Chama imbricata or Tridacna maxima are more abundant in turbid area because high turbidity is generally associated with a high concentration of food particles. Only 2 species, Drupa rubuscidaeus and Astraea rhodostoma, were exclusively found in the deep outer reef slope between 25 and 35 m.
Depth was strongly correlated with the distribution of sponges. It may affect species composition by gradually eliminating phototrophic species that live in the shallows, in fav0u.r of heterotrophs which dominate in deeper zones (Wilkinson & Trott 1985) . As with corals and other sessile invertebrates, only well-adapted species can grow and live in sandy bottom, and most of the species require a hard substrate upon which to settle (Wilkinson 1983) . In Moorea, species adapted to depth and sand were Aplysilla sp.1 and A. sp.2, and Leucetta microraphis. The high abundance of echinoids found at Moorea can modify not only algal communities, but also species composition and abundance of sessile invertebrates, such as sponges, by spatial competition or by predation upon larvae. The other factors revealed by the CCA (C/N, concentration of silicates and carbohydrates) were not highly correlated to the distribution of sponges. Since high concentrations of silicates and carbohydrates are found in the bayheads, where the abundance of sponges is maximal, one can assume that high concentration of food particles associated with terrestrial run-off may stimulate the development of some particular suspension-feeding species such as Dysidea sp.2.
Distribution of echinoderms was influenced by the concentration of carbonates. High concentrations of carbonate were found on the fringing reef of the lagoon and the barrier reef, where species such as Holothuria atra, Diadema sefosum, and Linckia multifora were most abundant, and where Tripneustes gratilla was found exclusively. However no direct causal relationships can be proposed for this factor. The holothurian Thelenota ananas was associated with exposure. Water movement influences the granulometry of the sediment and the abundance of algal detritus, which in turn determines the species composition and abundance of echinoderms (Russo 1977 , Massin & Doumen 1986 . Two species were associated with high conductivity and high organic carbon. E. mathaei was particularly abundant in the bays entrance, and Culcita novaeguineae was exclusively found there. For conductivity, it was demonstrated that only a few holothuroids are able to resist a decrease In salinity despite their osmotic pressure regulation mechanisms (Bakus 1973) . That is probably a major reason why we observed almost no echinoderms in the innermost parts of the bays where salinities can be low after heavy rainfall (Adjeroud & Salvat 1996) .
In conclusion, the spatial patterns of coral reefs in Moorea are characterized by strong gradients in species richness and abundance of some taxa realized at a small spatial scale. Abiotic and biotic factors explained a large amount of the distribution of sponges and corals, but less for mollusks and markedly less for macroalgae and echinoderms. Some of the factors identified in this study, such as depth and algal coverage, have been also reported as controlling factors in other coral reefs. In contrast, the high abundance of sea urchins and its impact seem to be characteristic of coral reefs around Moorea, since it is not observed in the Great Barrier Reef for example (Done et al. 1991) . Thus, the relative contributions of environmental factors, be they abiotic or biotic, vary with the physical and ecological characteristics of the reef considered, and its geographic location. Therefore, 'insular' and 'oceanic' coral reefs in French Polynesia are dlstinctive, as opposed to 'continental' coral reefs like on the Great Barrier Reef. 
